Although it has always been assumed that chemical mimicry and camou£age play a major role in the penetration of ant societies by social parasites, this paper provides the ¢rst direct evidence for such a mechanism between the larvae of the parasitic butter£y Maculinea rebeli and its ant host Myrmica schencki. In the wild, freshly moulted fourth-instar caterpillars, which have no previous contact with ants, appear to be recognized as ant larvae by foraging Myrmica workers, which return them to their nest brood chambers. Three hypotheses concerning the mechanism controlling this behaviour were tested: (i) the caterpillars produce surface chemicals that allow them to be treated as ant larvae; (ii) mimetic compounds would include hydrocarbons similar to those employed by Myrmica to recognize conspeci¢cs and brood; and (iii) the caterpillars' secretions would more closely mimic the pro¢le of their main host in the wild, M. schencki, than that of other species of Myrmica. Results of behavioural bioassays and chemical analyses con¢rmed all three hypotheses, and explained the high degree of host speci¢city found in this type of highly specialized myrmecophile. Furthermore, although caterpillars biosynthesized many of the recognition pheromones of their host species (chemical mimicry), they later acquired additional hydrocarbons within the ant nest (chemical camou£age), making them near-perfect mimics of their individual host colony's odour.
INTRODUCTION
Larvae of the lycaenid butter£y Maculinea rebeli Hir. have a complex parasitic relationship with Myrmica ants, which includes penetrating their host's nests and eating the resources in the brood chambers. This exploitation of the richest, but best protected, ecological niche inside an ant colony represents the most evolutionarily advanced and rarest lifestyle known among the social parasites of ants (HÎlldobler & Wilson 1990) . Most social parasites that inhabit brood chambers are predators of juvenile ants, but M. rebeli and a few other species achieve such close integration with their host's society that they are fed directly by the workers. Trophallactic feeding is an e¤cient way of exploiting a colony's resources, but carries the ecological cost of high host speci¢city, perhaps because the degree of integration required can be attained only through very close mimicry of one host . HÎlldobler & Wilson (1990) suggest that all social parasites penetrate ant societies by using mechanical and chemical cues to break their hosts' communication and recognition codes. However, evidence of genuine chemical mimicry (sensu Howard et al. 1990a) involving the biosynthesis of ant recognition pheromonesöas opposed to the passive adsorption of colony odours (Vander Meer & Wojcik 1982; Vander Meer et al. 1989; Akino et al. 1996) or the secretion of agonistic semiochemicalsöhas been elusive. It has been demonstrated through behavioural studies in Atemeles beetles and in a few other species (HÎlldobler & Wilson 1990) , but perhaps only one (unpublished) description exists of the chemistry of a biosynthesized mimetic pseudopheromone that is apparently uncontaminated by its host (referred to by Henning 1983) . In addition, Howard et al. (1990b) strongly suggest that Microdon (syrphid) larvae biosynthesize mimetic cuticular hydrocarbons (Dettner & Liepert 1994) .
We attempted to obtain clear evidence of these mechanisms by making behavioural bioassays and chemical analyses of M. rebeli and its hosts, to test three hypotheses (Thomas et al. 1989; Elmes et al. 1991; De Vries et al. 1993 ), as follows. (i) The ¢nal-instar caterpillar of M. rebeli produce surface chemicals that induce Myrmica workers to treat them like ant larvae, giving them access to the brood chambers of these ants. (ii) Mimetic chemicals, if found, would include a cocktail of chemicals resembling the hydrocarbons employed by Myrmica to recognize conspeci¢c adults and, probably, their brood (Brian 1975; Cammaerts et al. 1978; Winterbottom 1980) . (iii) M. rebeli's secretions would most closely mimic the pro¢le of Myrmica schencki Emery, explaining its high survival in colonies of this ant and low survival with other Myrmica species.
MATERIAL AND METHODS
(a) Lifestyle and myrmecophily of Maculinea rebeli Adult M. rebeli £y for four weeks in summer and oviposit on the £ower-buds of an initial larval food plant, Gentiana cruciata L., regardless of whether these grow in the territory of any, or a particular, species of Myrmica ant (Thomas et al. 1989) . The larvae (henceforth called caterpillars to avoid confusion with ant larvae) develop quickly inside the seed capsules. In the early evening after moulting to the fourth and ¢nal instar, they drop to the ground. This timing coincides with the peak foraging activity of all Myrmica species, and caterpillars are soon found by Myrmica workers. After brief antennal contact, they are transported to the nest, placed among the ant brood, and are tended and fed with prey, trophic eggs and by trophallaxis as if they were ant larvae. After ten days, many caterpillars are so closely integrated with their host's society that they are transported or fed in preference to the ant's larvae. Caterpillars remain in the brood chambers for 11 or 23 months, growing from 1^2 mg to 80^140 mg .
The period of entry and integration with a host society is one of the most dangerous in the life of a brood parasite (HÎlldobler & Wilson 1990) . The adoption behaviour of M. rebeli is so e¡ective that over 90% of individuals leaving their gentians are transported into Myrmica colonies. However, mortality is often high inside the brood chamber, especially during the early days of integration (Elmes et al. 1991) . A key variable is which species of Myrmica adopts caterpillars. Caterpillar survival is about 30 times greater in M. schencki colonies than in those of other Myrmica species ), yet caterpillars in the ¢eld are usually adopted by the ¢rst Myrmica workers to encounter them beneath gentians, resulting in 30% of individuals, on average, being adopted by M. schencki on known sites (n 9), and the rest by M. sabuleti (37%), M. scabrinodis (19%), and either M. ruginodis or M. rubra ( 5 5%) (Elmes et al. 1991 (Elmes et al. , 1996 .
Although Maculinea caterpillars emit sounds that resemble the stridulations of worker ants, we considered acoustical mimicry an unlikely cue for adoption and integration because Myrmica larvae are mute and because the caterpillars' sounds are speci¢c to the genus Myrmica rather than to its host species (DeVries et al. 1993) . Instead, the observed interactions suggested that chemical mimicry was involved (Elmes et al. 1991) . With many social parasites it is almost impossible to extract secretions that are not contaminated by host pheromones. With M. rebeli it is slightly easier because caterpillars can remain healthy for 24 h without ants after entering their ¢nal myrmecophilous phase. However, the rarity of M. rebeli constrained the amount of extract that could safely be obtained. Experiments were carried out between 1996 and 1998.
(b) Extracts and bioassays M. rebeli caterpillars and three M. schencki colonies were collected in the Pyrenees; we used tested procedures to ensure that the next year's butter£y population would be una¡ected. Caterpillars were reared on G. cruciata in the absence of ants, and were used within 24 h of their ¢nal moult to make bioassays or obtain initial extracts, again without ever having been in contact with ants. From each M. schencki colony, we established a laboratory culture of 37 workers, brood but no queens (which have litle in£uence on Myrmica recognition odours (Winterbottom 1980)) in a Perspex box (foraging arena) 15 cm Â 27 cm Â10 cm, containing a plant-pot saucer as the nest site (Wardlaw et al.1998) .
Three solvents were used to extract surface chemicals from ¢ve workers and third-instar larvae from each laboratory colony of M. schencki, from ¢ve workers of M. sabuleti, M. scabrinodis, and M. ruginodis, and from ¢ve M. rebeli caterpillars both before exposure to ants and after living for seven days with M. schencki. The insects were immersed successively in 100 ml hexane for 5 min, in 100 ml ethyl acetate for 1h, and in 100 ml methanol for 1h. Each solvent was decanted into a clean vial, sealed with an aluminium lid with nitrogen, and stored at 760 8C until ready for analysis.
Glass dummies, onto which extracts could be placed, were used to assess the role of chemicals in ant^butter£y interactions. A glass rod 1mm in diameter was modi¢ed into 2^3 mm lengths with clubbed ends to mimic the approximate size and shape of butter£y and ant larvae. Dummies were washed in methanol immediately after being made, and each was later treated with 20 ml of the same extract (0.2 larval equivalents per dummy). This was done by placing ¢ve clean dummies into a clean small glass tube containing one larval equivalent of extract and allowing the solvent to evaporate for 20 s. Dummies were then put into experimental ant nests, by means of clean forceps. Controls consisted of dummies treated with pure solvent. To eliminate e¡ects of learning or habituation by worker ants, ¢ve blank glass dummies were tested after every fourth bioassay. If workers transported these, the colony would be rested until these dummies were again ignored.
In experiments 1 and 2, a single test specimen (caterpillar, larva, dummy) was placed 1cm from the nest entrance of a M. schencki laboratory colony. Interactions between workers and the test specimen were recorded for 60 min or until the test specimen was taken into the nest. The arena was checked again 2 h and 24 h after introduction. This was repeated with a minimum of ten test specimens.
An initial bioassay (experiment 1) was made to con¢rm that worker behaviour towards ant larvae and M. rebeli caterpillars was as described by Elmes et al. (1991) . This was restricted to M. schencki colony 1 owing to the limited material and time when live caterpillars were available. The responses of workers to 29 live M. rebeli fourth-instar caterpillars, to ten M. schencki kin and ten non-kin larvae, and to ten controls were compared. Having established that colony 1 behaved normally towards larvae and caterpillars, the same nest was used to investigate worker response to cuticular extracts (experiment 2). Dummies washed with solvent extracts from M. schencki kin and non-kin larvae, and from M. rebeli fourth-instar caterpillars that had never been exposed to ants, plus controls, were introduced singly to the arena. Ten dummies were used for each treatment.
We ¢nally tested how M. schencki colonies 2 and 3 responded to a choice of caterpillars and Myrmica larvae (experiment 3). Each colony was o¡ered two of each of the following items: live larvae of M. schencki (kin), M. scabrinodis, M. ruginodis and M. sabuleti, and M. rebeli caterpillars. Unfortunately, by this stage, only frozen fourth-instar M. rebeli caterpillars that had never been exposed to ants were available. Five replicates were made with each colony.
(c) Analysis of extracts
All extracts were analysed by gas chromatography (GC) and gas chromatography^mass spectrometry (GC^MS). The gas chromatograph was a Hewlett Packard HP5890-II equipped with a £ame ionization detector (FID) and on-column injection.
The column used was a non-polar methyl silicon capillary column (HP1), 15 m long, internal diameter 0.25 mm with a 0.1mm ¢lm thickness. The carrier gas was helium with nitrogen used as the make-up gas. Programme conditions were: injector port set to follow at 10 8C below oven temperature; starting oven temperature 50 8C, ¢nal oven temperature 300 8C; programme of 10 min at 50 8C, ramp at 10 8C min À1 , 10 min at 300 8C. The GC^MS employed was a Joel SX102A double focusing magnetic sector mass spectrometer interfaced with an HP5890-II GC. The conditions for GC^MS analysis were: ionization EI (70 eV); ion chamber temperature 230 8C; scan range 40^600 m/z.
The degree of similarity between the hydrocarbon pro¢les of di¡erent extracts was established by calculating their Nei (Ferguson 1980 ) distances (1, identical; 0, no common chemicals). Dendrograms based on Nei distances were constructed for interspeci¢c comparisons. In these, clustering was based on an unweighted pair-group method, using an arithmetic mean, with the hydrocarbon components arranged on a data matrix consisting of binary attributes (1, present; 0, absent). Ochiai's (Romesburg 1989 ) resemblance coe¤cient was used; this takes the same value as the cosine coe¤cient (Nei's distance) when the data are expressed as a binary attribute matrix.
RESULTS

(a) Behavioural bioassays
The response of M. schencki to M. rebeli caterpillars, M. schencki kin and non-kin larvae, and control dummies is shown in table 1. Workers quickly recovered conspeci¢c larvae and returned them to the nest, regardless of their origin. However, non-kin larvae took longer to be adopted (p 5 0.01), because the workers ¢rst groomed and examined them with their antennae. M. rebeli took signi¢cantly longer than M. schencki kin or non-kin larvae to be adopted ( p 5 0.01), and after 60 min four out of the 29 caterpillars still remained in the arena. Not all caterpillars were taken directly into the nest (¢gure 1). Several were ¢rst carried around the arena for 10^30 min; and a few were temporarily placed among the rubbish before being retrieved, usually by the same ant. Inside the nest, all larvae and caterpillars were placed beside the ant brood, becoming intimately mixed with it within 24 h. No control dummy was picked up during experiment 1.
In experiment 2, M. schencki workers responded positively to extracts of caterpillars and larvae made with all three solvents, demonstrating that chemical signals were involved in recognition. The strongest response was to dummies treated with M. schencki and M. rebeli hexane extracts, which were invariably picked up and transported (table 1) . Ethyl acetate and methanol extracts of M. rebeli evoked similar, but less intense, responses, which are not discussed here. Ethyl acetate and methanol extracts of M. schencki larvae produced comparatively little response.
Dummies treated with hexane extracts of M. schencki kin and non-kin larvae were discovered within 20 s; those with M. rebeli extracts (from caterpillars that had never been exposed to ants) took 1^2 min, and control dummies took signi¢cantly longer. Kin M. schencki hexane extracts were adopted more quickly and with fewer touches than extracts of either M. schencki non-kin larvae or M. rebeli caterpillars, which showed no signi¢cant di¡erence from each other in their pick-up time, time to deposit or in the number of times they were touched (table 1). The ¢nal destination of the dummies generally di¡ered from that of live larvae in that the majority, including those with M. schencki kin extract, were ultimately deposited on the rubbish rather than in the nest. However, one M. rebelitreated dummy and two M. schencki-treated dummies were taken into the nest (¢gure 1).
M. schencki workers responded to the larvae of four species of Myrmica and to dead fourth-instar M. rebeli caterpillars in subtly di¡erent ways (experiment 3). As in experiment 1, kin larvae were always preferred. M. ruginodis larvae evoked mild aggression and were quickly approached, but their pick-up times were slow compared with those for M. schencki, M. sabuleti and dead M. rebeli caterpillars. Overall, there were signi¢cant interspeci¢c di¡erences in the times taken to discover and, more importantly, pick up larvae and caterpillars, which were chosen in the following order.
Order of discovery: M. schencki4M. ruginodis4M. sabuleti 4dead M. rebeli4M. scabrinodis (Kruskal^Wallis test, p 5 0.0001).
Order of pick-up: M. schencki4M. sabuleti4dead M. rebeli 4M. ruginodis4M. scabrinodis (p50.0004).
(b) Chemical analyses
In ¢gure 2 we present chromatograms of ¢nal-instar M. rebeli caterpillars before their contact with ants;
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Proc. R. Soc. Lond. B (1999) M. rebeli caterpillars after seven days inside M. schencki nests; and M. schencki larvae and workers. The identity and abundance of each chemical in each pro¢le is listed in Appendix A. The pro¢les of M. schencki workers and larvae were almost identical (Nei distance 0.98) and contain a complex mixture of compounds including many hydrocarbons. The chromatogram of pre-adoption M. rebeli caterpillars that had never encountered ants was simpler; nevertheless, it contained many compounds similar to those found in M. schencki larval and worker extracts (Nei distance 0.32). All had a mixture of nonvolatile hydrocarbons. Mass spectrometry revealed that the surfaces of pre-adoption caterpillars and M. schencki larvae and workers had several methyl alkanes and nalkanes in common (Appendix A), marked by asterisks in ¢gure 2. They also shared a common terpenoid volatile, provisionally identi¢ed as limonene, which was absent from all other Myrmica species studied. The surface chemistry of the M. rebeli caterpillar clearly altered after adoption (¢gure 2b; Appendix A). It acquired many of the missing hydrocarbonsöprobably by adsorption but possibly by biosynthesisöto become an excellent mimic of both M. schencki brood and workers (Nei distance 0.85). By comparison, all three conspeci¢c colonies of M. schencki had Nei distances (workers) of 0.90.
Hexane extracts of M. sabuleti, M. ruginodis and M. scabrinodis revealed cuticular hydrocarbon pro¢les rather di¡erent from those of M. schencki and M. rebeli. Nei distances of the similarities between these pro¢les (table 2) showed that pre-and post-adoption M. rebeli caterpillars resembled M. schencki, and vice versa, much more closely than any other Myrmica species tested, as illustrated in the dendrogram (¢gure 3).
DISCUSSION
The response of M. schencki workers to extracts of conspeci¢c larvae and M. rebeli (table 1; ¢gure 1) con¢rms the hypothesis of Elmes et al. (1991) that M. rebeli ¢nal-instar caterpillars have evolved su¤cient chemical similarity to enable them to be mistaken for M. schencki brood and be transported into nests. Experiments with glass dummies do, however, suggest that additional cues are required to complete the process. Although dummies treated with either M. rebeli or M. schencki extracts were recognized and transported, most were ultimately deposited in the rubbish pile rather than retained in nests, exactly as if they were dead brood. Because dummies provide no cues to indicate that they are alive, and lack the hairiness known to reinforce pheromones in Myrmica larval recognition (Brian 1975) , this result is unsurprising. The application of less than one larval equivalent of extract to the dummies may also have contributed to this result.
The fact that the pick-up times of M. rebeli and non-kin M. schencki extracts did not di¡er signi¢cantly, but that both were picked up more slowly than were kin extracts, suggests that M. schencki also has colony-speci¢c chemical cues but cannot discriminate between caterpillars and non-kin brood. The ¢nal bioassay comparing Myrmica species was imperfect, because the only uncontaminated M. rebeli caterpillars available were dead specimens, which were at an obvious competitive disadvantage to the living Myrmica larvae with which they were compared. Nevertheless, even dead caterpillars were picked up by M. schencki workers in preference to live larvae of M. scabrinodis and M. ruginodis, suggesting that M. rebeli caterpillars more closely resemble M. schencki than do the larvae of at least two of its congeners. Chemical analysis of these extracts was instructive (¢gure 2). We showed that Myrmica larvae (unlike those of Formica and Lasius) have surface-recognition chemicals similar to those of adults in their colony, and we con¢rmed that workers from di¡erent Myrmica species had di¡erent mixtures of chemicals (see, for example, Cammaerts et al. 1978; Winterbottom 1980) . We also con¢rmed our second hypothesis that fourth-instar M. rebeli caterpillars possess surface hydrocarbons resembling the recognition chemicals of Myrmica larvae, before they encounter their hosts. Finally, we con¢rmed our third hypothesis concerning the host speci¢city of this mimicry. Although the chemical pro¢le of caterpillars was comparatively simple before exposure to ants, it was signi¢cantly closer to the secretions of M. schencki than to those of any other Myrmica species tested. However, this result should be regarded as a preliminary. Further work is required to determine whether adoption, recognition and caring behaviour are induced by all or just certain of the surface chemicals shown in ¢gure 2 and the appendix, and whether other glandular secretions play a role.
These results explain earlier descriptions of the adoption and host speci¢city of M. rebeli. The manufacture of secretions that most closely mimic M. schencki would not stop caterpillars being adopted by other species of Myrmica after leaving their gentians, because Myrmica odours are su¤ciently similar for workers to adopt as their own any`lost' Myrmica larva found in their territory (Brian 1975; Winterbottom 1980; Cammaerts et al. 1978) . However, closer relatedness (or mimicry) is required if foreign bodies are to compete with the kin brood inside a Myrmica colony (Brian 1975; Winterbottom 1980; Elmes & Wardlaw 1983) . After the ¢rst few days when some caterpillars are killed or neglected by their hosts, the caterpillar acquires the missing chemicals to make it an almost perfect mimic of M. schencki larvae (¢gure 2; Appendix A), so much so that it is thereafter given preferential treatment over kin larvae . In other words, the caterpillar initially biosynthesizes chemicals that make it an e¡ective mimic of M. schencki as a species and later acquires extra odours distinctive to the individual colony. Howard et al. (1990) made a distinction between chemical mimicry and chemical camou£age according to the origin of the signal. Mimicry occurs when the organism biosynthesizes mimetic compounds; camou£age when it acquires them from the model. According to this de¢nition, we may not be observing chemical mimicry in the strictest sense in M. rebeli, but rather a subtle combination of mimicry and camou£age. We do not know whether the early food plant (Stiefel & Margolies 1998) in£uences ability of M. rebeli to mimic Myrmica; whether, for instance, some of the recognition chemicals or their precursors could be obtained from G. cruciata while feeding. This requires further study. If certain M. rebeli larval cuticular compounds are biosynthesized and others are processed from food sources, this does not alter the fact that the caterpillars secrete these mimetic compounds before any contact with their host ant, M. schencki.
The fact that virtually all the M. rebeli caterpillars adopted by other species of Myrmica are eventually killed suggests that they either continue to biosynthesize chemicals that mimic M. schencki inside the nest or produce another species-speci¢c signal. This may not be a liability for several months after adoption, because Myrmica colonies tolerate aliens (including the larvae of other Myrmica species) in times of plenty, before killing them under stress or food shortage (Winterbottom 1980; Elmes & Wardlaw 1983) . Possible reasons for not relying solely on the adsorption of host odours include the following. compounds synthesized by M. rebeli include at least one chemical that is present on M. schencki larvae but not on the workers. Older caterpillars cannot acquire this chemical because they are kept segregated by size in separate cells by workers (Elmes et al. 1991) . (iii) Successful M. rebeli caterpillars need to boost any acquired chemical signal to compete with ant larvae and other caterpillars for workers' attention.
These results complement other studies of the ways in which arthropods manipulate ant social behaviour. Much work on myrmecophilous butter£ies has involved mutualistic or commensal species, the associations of which are achieved through a variety of secretions that agitate ants or that feed and appease them with sugars and amino acids (Maschwitz et al. 1975; DeVries 1984 DeVries , 1988 DeVries & Baker 1989; Fiedler & Maschwitz 1987; Pierce et al. 1991) . In contrast, Henning (1983) demonstrated that mimetic substances were secreted by the pore cupola of Lepidochrysops ignota, the only lepidopteran social parasite hitherto studied in this way. The secretions of M. rebeli may also emanate from the pore cupolas; these occur in unusual abundance on the ¢nal instar of Maculinea caterpillars (Malicky 1969) . More generally, these results add one Maculinea species to the small number of social parasites known to synthesize mimetic chemicals to penetrate ant societies (HÎlldobler & Wilson 1990; Howard et al. 1990a; Dettner & Liepert 1994) . They also extend knowledge in that M. rebeli is the ¢rst social parasite in which a synthesized mimetic chemical, which was uncontaminated by ants, has been described in su¤cient detail to explain the high degree of species-speci¢c host dependency typically found in the ¢eld for this type of specialized myrmecophile (Cottrell 1984; Elmes et al. 1999) .
APPENDIX A
Comparison of the cuticular hydrocarbon components found in M. schencki larvae and adult workers, and M. rebeli preand post-adoption caterpillars, calculated by percentage area. Pre-adoption caterpillars had never encountered ants. 
